The response of Lactobacillus delbrueckii subsp. bulgaricus cells to heat stress was studied by use of a chemically defined medium. Two-dimensional electrophoresis (2-DE) analysis was used to correlate the kinetics of heat shock protein (HSP) induction with cell recovery from heat injury. We demonstrated that enhanced viability, observed after 10 min at 65°C, resulted from the overexpression of HSP and from mechanisms not linked to protein synthesis. In order to analyze the thermoadaptation mechanisms involved, thermoresistant variants were selected. These variants showed enhanced constitutive tolerance toward heat shock. However, contrary to the wild-type strain, these variants were poorly protected after osmotic or heat pretreatments. This result suggests that above a certain threshold, cells reach a maximum level of protection that cannot be easily exceeded. A comparison of protein patterns showed that the variants were able to induce more rapidly their adaptive mechanisms than the original strain. In particular, the variants were able to express constitutively more HSP, leading to the higher level of thermoprotection observed. This is the first report of the study by 2-DE of the heat stress response in L. delbrueckii subsp. bulgaricus.
Lactobacillus delbrueckii subsp. bulgaricus is one of the most important industrial lactic acid bacteria. This fact is mainly due to its use in yogurt and fermented milk for human consumption. However, the price of current commercial preparations restricts its use, mainly because of the high susceptibility of L. delbrueckii subsp. bulgaricus to preservation processes. For example, this species would be a very interesting probiotic (40) if the production cost of these sensitive bacteria could be decreased substantially. This goal could be achieved by increasing cell survival or by using a less deleterious production process. Direct spray drying of vegetative microbial cells is emerging (3) as an efficient and inexpensive preservation method with a high output and may lower this cost. Knowledge of the resistance of these bacteria to heat stress would be helpful for mastering cell viability during this dehydration treatment. Teixeira et al. (35) studied L. delbrueckii subsp. bulgaricus thermotolerance and clearly showed the successful application of such a preservation method to concentrated suspensions of these bacteria (34, 35) . When cells were submitted to a heat pretreatment at 50°C or to a hyperosmotic pretreatment before lethal temperature challenge (65°C), the viability of the cells increased (13) . Nevertheless, little is known of potential methods for enhancing cell survival and mechanisms used by the cell to protect itself from heat stress or to repair damage. Two-dimensional electrophoresis (2-DE) of proteins is currently one of the highest-resolution analytical techniques available for the study of protein expression patterns (the promising genome-wide DNA arrays are not yet available for L. delbrueckii subsp. bulgaricus). New technological developments have improved reproducibility and enhanced quantitation of the evidenced proteins. Moreover, new computer analysis software allows easier analysis of the information. These techniques allow researchers to analyze the cellular responses of a variety of bacteria to different stresses. They have also been used to compare the responses of a particular species to different stimuli (9) . These data give promising insight into the mechanisms of protection triggered by different stresses in bacteria. The first published study by 2-DE of the L. delbrueckii subsp. bulgaricus response to stress was carried out for acid stress (18) . More than 700 protein spots were routinely detected with silver staining. Among these, three heat shock proteins (HSPs) (DnaK, GroES, and GroEL) were induced after 15 min at pH 4.75. Another study revealed the feasibility of 35 S labeling experiments and 2-DE examination of L. delbrueckii subsp. bulgaricus proteins during lag phase in milk (26) .
The results presented here highlight the crucial role of de novo protein synthesis for L. delbrueckii subsp. bulgaricus cell survival during heat stress. Nevertheless, heat adaptation also involves elements not linked to protein neosynthesis. Moreover, an easy method to obtain thermoresistant variants is presented.
MATERIALS AND METHODS
Bacterial strains and culture conditions. L. delbrueckii subsp. bulgaricus type strain ATCC 11842 and L. delbrueckii subsp. bulgaricus strain 546 (industrial yogurt starter; Rhodia-Food) were used. The latter strain was characterized phenotypically and by genomic fingerprinting as indicated below. Lactobacillus MRS medium (Difco Laboratories, Detroit, Mich.) was used as a rich growth medium (6) , and MPL (5) was used as a defined minimal medium containing 5 g of D-glucose as a carbon source per liter. Liquid cultures were incubated at 37°C without stirring, and MRS agar plates were incubated anaerobically (AnaerocultA; E. Merck AG, Darmstadt, Germany) at 37°C. Cells from single colonies were inoculated into MRS broth medium and grown for 16 h at 37°C. They were then subcultured at a 1:50 (vol/vol) dilution in MPL medium supplemented with 5 g of D-glucose per liter and incubated for 10 h at 37°C without stirring. This MPL preculture was used to inoculate MPL working cultures. Cell growth was monitored by taking optical density measurements at 570 nm (OD 570 ; model DU 7400 spectrophotometer; Beckman, Gagny, France).
Heat shock treatment and challenge. Cells were harvested in the exponential or stationary phase by centrifugation (16,000 ϫ g, 10 min) at room temperature. The pellet was resuspended in MPL medium at room temperature to reach a final OD 570 of 1 unit, which corresponds to a population of 2 ϫ 10 8 CFU/ml. Then, 200-l samples were transferred to and kept in a water bath at the challenge temperature for 40 min. At various intervals, samples were immediately diluted in a sterile diluent containing 1 g of peptone and 8.5 g of NaCl per liter (pH 7.0) at room temperature and were inoculated in duplicate on MRS agar plates. The viable cell counts in these samples were determined after 24 h of anaerobic incubation at 37°C. The data are expressed as percent colonyforming ability after exposure to the challenge temperature, with the CFU at 0 min set to 100%.
Adaptation conditions (pretreatments). Pretreatments were performed on exponential cells adjusted to an OD 570 of 1 unit in MPL medium. Cells were exposed to a given stress agent under nonlethal conditions before exposure to a heat challenge. Different pretreatments were applied for 30 min. Cells were incubated at 50°C or at room temperature in MPL medium containing either 0.4 M NaCl or 0.88 M trehalose (same osmolarity). Then, samples were exposed to heat challenge at 65°C for 10 min. Viable cell numbers were determined on MRS agar plates.
For experiments testing the effect of the inhibition of protein synthesis on thermoadaptation, chloramphenicol was used at 10 g/ml. This concentration is five times the MIC determined for this strain. Exponential cells were recovered at an OD 570 of 1 unit in MPL medium containing chloramphenicol at 10 g/ml and were incubated at room temperature for 20 min before pretreatment and heat challenge at 65°C for 40 min.
Thermoresistant variants of L. delbrueckii subsp. bulgaricus. L. delbrueckii subsp. bulgaricus 546 cells grown in MPL medium were collected at an OD 570 of 0.5 by centrifugation. The pellets were resuspended in new MPL medium to an OD 570 of 2 units. Subfractions of 0.2 ml were incubated for 15 min at 65°C. Samples were immediately diluted in sterile diluent at room temperature and then poured in duplicate onto MRS agar plates. The viable cell numbers in these samples were determined after 24 h of anaerobic incubation at 37°C. Five colonies of survivors were cultivated in MRS medium and then cultivated twice in MPL medium. The last culture of each clone was submitted to a second thermal treatment corresponding to a heat shock of 20 min at 65°C. In the same way, at the end of the thermal treatment, five survivors of each clone were selected for additional thermal treatments. The next thermal treatments, at 65°C, were carried out for 25, 30, and 45 min. From each heat treatment, five survivors were selected for the next cycle. At the end of the five cycles, two variants were retained to determine their survival capacities. The viability of the variants was regularly tested throughout the study and fluctuated by less than 1 log unit. The characteristics of growth of the two variants (V5242 and V5221) and of wild-type strain 546 were examined by culturing on milk medium at 32, 37, and 43°C and measuring the impedance (30) . The identities of the variants were checked phenotypically (carbohydrate fermentation patterns; API 50 CH plates; BioMerieux, Marcy l'Etoile, France) and by genomic fingerprinting.
Genomic DNA preparation, restriction digestion, and pulsed-field gel electrophoresis (PFGE). For genomic fingerprinting, a high-molecular-weight L. delbrueckii subsp. bulgaricus genomic DNA preparation was prepared by the lysis method with an agarose block (20) . Samples trapped in the agarose block were digested with 10 U of NotI enzyme (Eurogentec, Seraing, Belgium) for 4 h. Radioactive labeling and whole-cell protein extraction. Cells grown in MPL-0.5% glucose medium were harvested (8,000 ϫ g, 5 min) at mid-log phase (OD 570 , 0.5) and resuspended to an OD 570 of 1 unit in fresh MPL medium that contained 0.5% glucose and that was prewarmed to 37 or 65°C. One milliliter of cell suspension was labeled with 500 Ci of [ and immediately sonicated on ice by using a Vibra Cell sonicator (Bioblock Scientific, Illkirch, France) equipped with a tapered microtip (3 bursts of 1 min at 1-min intervals; power output, 2.5 arbitrary units). The lysate was brought to 95°C for 10 min to improve protein solubilization, and insoluble materials were removed by centrifugation. Four volumes of ice-cold acetone were added, and proteins were precipitated for 30 min on ice prior to centrifugation. The organic supernatant was discarded, and the protein pellet was passively air dried at room temperature for 1 h and then dissolved in isoelectric focusing (IEF) solution {7 M urea, 2 M thiourea, 25
IEF. The first-dimensional separation was carried out on IPGs (4/7 Immobilin Dry Strips, 18 cm; APB) as described by Görg et al. (12) by using a Multiphor II electrophoresis unit (APB). The following voltage gradient was applied: from 0 to 50 V in 1 min; 50 V for 1 h; from 50 to 150 V in 0.02 h; 150 V for 1 h; from 150 to 300 V in 0.02 h; 300 V for 2 h; from 300 to 3,500 V in 5 h; and 3,500 V for 11 h. Protein samples (6 ϫ 10 5 dpm) were loaded into cups at the anode end of each IEF gel. Equal amounts of radioactivity were loaded on the gels. After IEF, strips were equilibrated for 8 min in a solution containing 50 mM Tris (pH 6.2), 6 M urea, 30% (vol/vol) glycerol, 2% (wt/vol) SDS, and 0.3% (wt/vol) DTT, followed by a second bath with the same solution but with 4.5% (wt/vol) iodoacetamide instead of DTT.
SDS-polyacrylamide gel electrophoresis. The second-dimensional separation was performed essentially as described by Laemmli (16) by using an IsoDalt apparatus (Hoeffer, San Francisco, Calif.) with a 14% acrylamide separating gel, without a stacking gel, and at a constant voltage (below 180 V). Large plate gels (200 by 250 by 1 mm) were used to improve resolution. Ten gels were run simultaneously in one tank to improve reproducibility. A low-molecular-weight electrophoresis calibration kit (APB) was used to provide protein molecular mass references (phosphorylase b, 94,000; bovine serum albumin, 67,000; ovalbumin, 43,000; carbonic anhydrase, 30,000; soybean trypsin inhibitor, 20,100; and ␣-lactalbumin, 14,400 Da). Gels were stained with Coomassie brilliant blue (PhastGel Blue R; APB) according to the manufacturer's indications and stored in a 20% ethanol solution at 4°C.
Analysis of protein spots on 2-DE gels. Two-dimensional patterns of labeled polypeptides were acquired by using phosphor screens and a Storm Phosphorimager (APB). Data analysis was performed with Melanie II 2-D polyacrylamide gel electrophoresis software (release 2.2; Bio-Rad). Reference points (landmarks) were marked on images to align and match gels. After gel alignment and matching, pairs (spots present in several gels) could be highlighted. Differential analysis of control and stress gels was performed. Relative rates of synthesis (RRS) were determined by calculating the ratio of the radioactivity in a spot to the radioactivity in the entire gel. The induction factor for one spot was determined by calculating the ratio of the RRS in the gel to the RRS of the same spot in the reference gel.
N-terminal amino acid sequencing. Cells from a 200-ml culture in MPL medium were lysed, and proteins were extracted with SDS as described above. The protein content of the extracts was determined by the method of Lowry et al. (21) with bovine serum albumin as a standard. For each micropreparative gel, 200 g of whole-cell protein was acetone precipitated and separated by 2-DE. After Coomassie brilliant blue staining, corresponding spots from four gels were cut out and pooled. Gel pieces were rinsed extensively in 20% ethanol and crushed in 60 mM sodium acetate buffer (pH 8.5) containing 0.1% SDS and 20 mM DTT prior to passive extraction (14) . After centrifugation, the extracts were transferred to a Prosorb sample preparation cartridge (Applied Biosystems, Foster City, Calif.), and protein was concentrated onto a polyvinylidene difluoride membrane according to the supplier's instructions. The membrane was then applied to an automatic Beckman/Porton LF3000 protein sequencer (Beckman Instruments, Inc., Fullerton, Calif.). Sequence homologies were searched with the FASTA program (24) .
RESULTS
Study of L. delbrueckii subsp. bulgaricus survival during heat stress. After having determined 65°C to be a lethal temperature for this bacterium, we monitored the viability of L. delbrueckii subsp. bulgaricus strain 546 at this temperature for 40 min in the absence and in the presence of a protein synthesis inhibitor. The viability kinetics showed unexpected profiles (Fig. 1) . During the first 10 min at 65°C, the percentage of L. delbrueckii subsp. bulgaricus survivor numbers decreased rapidly to 8 ϫ 10
Ϫ5 , but from 10 to 20 min of heat challenge, this percentage showed a sudden increase up to 1.7 ϫ 10 Ϫ2 . Then, the viability decreased slowly until 50 min of heat challenge, when no more survivors were detected (data not shown). When protein synthesis was blocked by the addition of 10 g of chloramphenicol per ml, the first decrease in surviving cells was quicker and more pronounced. After 10 min of challenge, an increase in viability was still observed, as in the presence of protein synthesis, but with a weaker amplitude.
Analysis of thermoresistant variants. We selected thermoresistant variants as described in Materials and Methods to study the mechanisms involved in thermoadaptation. The behavior of two variants, V5221 and V5242, selected for their high viability after heat shock during selection (the percentages of survival of strains V5221 and V5242 in the last selection step at 65°C for 45 min were 4 and 2.5 log units higher, respectively, than that of strain 546), is presented below. Variants V5221 and V5242 had the same profiles of carbohydrate metabolism as L. delbrueckii subsp. bulgaricus 546 and, notably, the ability to hydrolyze the disaccharide trehalose, with is specific to strain 546. Moreover, PFGE clearly indicated the same profile for the original strain and the two variants, but this profile was different from that of strain ATTC 11842 (Fig. 2) . The profiles of strains 546, V5221, and V5242 were identical.
We next tested the effect on the variants of heat shock at 65°C for 10 min without and with thermal and osmotic pretreatments. Viability was compared with the results found for wild-type strain 546. Figure 3 shows that, upon heat shock, variants V5221 and V5242 showed better survival (up to 2.5 and 1.5 log units, respectively) than L. delbrueckii subsp. bulgaricus strain 546. The effect of both pretreatments on viability was greater for V5242 than for V5221, the thermal pretreatment being the most efficient; however, these pretreatments were still unable to increase cell viability by a factor of 250-fold, as for strain 546. Osmotic pretreatment was unable to increase strain V5221 viability in the presence of heat stress, in contrast to the results for strains V5242 and 546. The same osmotic effects were observed with trehalose and saccharose as with NaCl (data not shown). Kinetic study of variant viability during heat shock. As we did for wild-type strain 546, we tested the effect on variant viability of the duration of heat shock at 65°C (Fig. 4) . Both variants exhibited a survival rate profile different from that of wild-type strain 546. Indeed, although a 4-log-unit decrease occurred during the first 4 min, viability remained constant for both variants during the next 30 min; in contrast, the wild-type strain exhibited another decrease after 20 min.
2-DE investigation of protein changes in wild-type and variant strains. The proteins involved in the heat shock response were studied by 2-DE. Variant strain V5221 was chosen for this comparison because it was more viable under heat stress than variant strain V5242. The protein profiles in Fig. 5A show about 1,190 spots between 150 and 14 kDa, with pIs between 4 and 7. A comparison of the proteomic profiles of L. delbrueckii subsp. bulgaricus 546 and V5221 under standard conditions ( Fig. 5A and B) revealed that at least one protein (NS3), which was constitutively expressed in strain V5221, was not detected in the wild-type strain. Moreover, two proteins in strain V5221 (107 and 223) showed expression levels up to 2-or 3.5-fold higher than those in strain 546. On the other hand, proteins 250 and 565 were underexpressed in strain V5221 compared with strain 546.
As shown in Fig. 5C and D, heat stress repressed 47% of the total proteins for strain V5221 and 60% for strain 546. Protein NS3, found in strain V5221 under control conditions, was newly synthesized in the wild-type strain in response to heat stress. In parallel, among the 200 spots selected by the Melanie software, we selected the 20 proteins up-regulated in response to thermal treatment and displaying induction factors of between 2-and 5.5-fold in strain 546. Furthermore, three proteins (NS1, NS2, and NS3) that were absent from the strain 546 reference pattern were detected after heat treatment of that strain. In comparison, some of the HSPs were poorly (or not) induced by heat stress in variant V5221 (for example, spots 250, 373, 748, and 800). Some heat-inducible polypeptides (684 and 703) were not even synthesized in the variant, either under control conditions or in response to thermal stress. Interestingly, the levels of expression of several proteins induced in strain 546 after heat stress were comparable to the levels observed in strain V5221 under control conditions. Indeed, proteins 107, 223, and 333 showed expression levels that were up to 3.5-fold higher in strain V5221 than in strain 546 under both control and stress conditions. However, they were still inducible by heat stress. A series of HSPs were induced better in strain V5221 than in strain 546 (184, 185, 187, 190, and 256). In contrast, another series of polypeptides that were underexpressed in variant V5221 compared with strain 546 were heat inducible in the variant strain, while their synthesis was heat repressed in strain 546 (spots 565, 569, 887, and 1016 in circles in Fig. 5 ). These five spots were expressed at the same levels in heat-stressed 546 and in V5221 under control conditions.
Analysis of heat-induced proteins in strain 546. Among the proteins up-regulated during thermal treatment, five were detected with Coomassie brilliant blue staining and subjected to N-terminal sequencing. Databases were screened and revealed homologies to known proteins. The results are shown on Table  1 . Proteins 256 and 190 were unambiguously identified as the universal chaperones GroEL and DnaK and showed 100% identity with the corresponding 60-and 70-kDa HSPs from Bacillus halodurans (32) and Bacillus subtilis (39), respectively. The sequences matched the sequence immediately downstream of the initiation methionine. The sizes and isoelectric points were also consistent with those of these known HSPs. Protein 223 showed significant homology with Streptococcus salivarius phosphoenolpyruvate protein phosphotransferase PtsI, which is enzyme I of the phosphoenolpyruvate-dependent sugar phosphotransferase system (11) . It also matched the N-terminal ends of PtsI proteins from various streptococci and from Streptomyces coelicolor. Protein 250 showed less marked homology with known proteins. The best score was obtained with B. subtilis YwsC (73% identity). This protein is described as a polyglutamate synthase involved in peptidoglycan biosynthesis. Interestingly, this sequence was identical to that of CapB, described as being involved in the biosynthesis of B. subtilis and Bacillus anthracis capsules (7). Protein 107 showed 86% identity with a Clostridium acetobutylicum protein whose function remains unknown (4); however, the matching protein displayed a different isoelectric point and a different molecular mass.
Kinetic analysis of protein synthesis during heat shock in strain 546. The surprising development of survival during the first half of the heat challenge led us to investigate relative Protein patterns after heat shock for strains 546 and V5221, respectively. Cells were grown and prepared in the same manner as for the controls, except that they were heated at 65°C for 15 min. Abscissa, pH range; ordinate, kilodaltons. Symbols: ‚, proteins induced in strain 546 after heat shock at 65°C for 15 min (HSPs); ᮀ, newly synthesized proteins (NS1, NS2, and NS3) in strain 546 after heat shock; E, proteins up-regulated in strain V5221 and down-regulated in strain 546 after heat shock; , proteins down-regulated during thermal stress; {, protein remaining unchanged during thermal stress. Figure 6 shows the correlation between the kinetics of viability and the induction of several proteins, taken as examples of typical behavior, during heat stress. Different types of kinetics were observed. Some HSPs showed maximum induction between 0 and 10 min (e.g., 250) and could be considered early HSPs. Some polypeptides showed maximum induction after 10, 15, 20, or 25 min of stress and then showed decreased expression (e.g., 184), while others were permanently heat induced (223). Some others showed a constant level of synthesis (e.g., 390), while others were instantaneously repressed (907). Finally, some polypeptides showed a slowly increasing rate of biosynthesis, corresponding to a late response to heat stress (e.g., 1018). However, the majority of proteins showed a maximum level of expression and a supposed maximum level of activity at between 10 and 20 min.
DISCUSSION
Surprising kinetics of viability of L. delbrueckii subsp. bulgaricus. In a previous study (13) , it was demonstrated that L. delbrueckii subsp. bulgaricus 546 acquired enhanced thermotolerance after moderate heat shock. This adaptation was supposed to depend on the synthesis of a widely conserved set of proteins called HSPs. During heat stress, cellular viability depends on the ability of cells to induce the necessary HSP to repair cell damage and to maintain metabolic activity. In this study, we confirmed that L. delbrueckii subsp. bulgaricus cells under heat stress induced complex adaptation mechanisms, including some fluctuations in proteins synthesis. During the first 10 min of challenge, protein synthesis was necessary to limit mortality. When the synthesis of these early HSPs was blocked, the decrease in viability was more dramatic. These results indicate that the involved proteins were quickly induced and slowed down the rate of cell death. Heat stress may have converted a large number of cells into a viable but nonculturable state, with such cells being incorrectly considered dead in our plating method.
The second aspect of the kinetics can be explained in the following manner. The cells needed at least 10 min to induce a second protective mechanism or to reach a protection level sufficient to counteract the deleterious effects of heat on the cell machinery. This mechanism induced adaptation proteins whose activities were responsible for the revival of viability observed after 10 min. Exposure to 65°C for up to 10 min induced a protective function(s) that probably allowed previously noncultivable bacteria to repair heat injury. That second event was represented by a larger number of colonies being recovered on plates and was responsible for the apparent increase in viability. These colonies appeared because of an increase in the viability of the cells due to the action of the thermoadaptation mechanism(s) against the heat stress in addition to the stress induced by the subsequent plating. This observation is in close agreement with the observed induction of the groESL operon in Lactobacillus johnsonii at 55°C, which required 30 min to attain maximum levels (38) . For L. delbrueckii subsp. bulgaricus, the decrease in viability observed after 25 min corresponded to death caused by irreparable damage to the cells. Most of the published studies on microbial cell viability during heat stress have been carried out for only a few minutes. Only the initial and drastic L. delbrueckii subsp. bulgaricus cell death was reported, the elapsed time corresponding to 4 min of challenge (33) . Even when the tests were longer, as described for Enterococcus faecalis and Rhodothermus obamensis (30 and 60 min, respectively), the curves always showed a constant decrease in cell viability (1, 31) .
The slight revival observed in the absence of protein synthesis demonstrated that the thermoprotection was not based only on protein neosynthesis-dependent mechanisms. Preexisting proteins could be activated in response to a temperature shift, or other nonprotein molecules could be involved. Nevertheless, the hypothesis of an incomplete arrest of protein biosynthesis should be kept in mind, even with the use of chloramphenicol 20 min before heat stress at a concentration 5 times above the MIC. Moreover, as damaged proteins are believed to be one of the signals used to induce HSPs (28), incubation with chloramphenicol may disrupt internal housekeeping protease synthesis in cells. Then, the accumulation of abnormal polypeptides in the cytoplasm may lead to HSP activation (17) . Nevertheless, the pleiotropic effects of chloramphenicol, comparable to those induced during the stringent response, were observed at higher concentrations of chloramphenicol (100 g/ml) for Escherichia coli (29) . Kusano et al. (15) demonstrated that in E. coli, chloramphenicol (1 to 10 g/ml) induced the cold shock response known to decrease the expression of HSPs (36) . So, on the basis of our study, we cannot rule out the possibility of the existence of a thermoadaptation mechanism not linked to the biosynthesis of proteins but rather able to activate a protective effect. Protein-independent adaptive re- sponses may also confer cross-protection toward other stresses (8) .
Behavior of thermoresistant variants. Two thermoresistant variants were derived from wild-type strain 546 and were shown to be closely related to it by use of genomic fingerprinting. This method allows easy discrimination of L. delbrueckii subsp. bulgaricus strains from other strains in our collection, as already observed by Moschetti et al. (23) , who calculated a discrimination index of 0.95 for this species. The profiles were identical; thus, no profound genetic modification that could have changed the profiles occurred.
Viability studies showed that these variants should display a more efficient protective mechanism. Thermotolerance was thus compared to that in the wild-type strain after different pretreatments. These pretreatments were selected on the basis of previous reports showing cross-protection and common responses between thermal and osmotic stimuli (10) . The results showed that both variants were constitutively more tolerant to heat stress, while thermal and osmotic pretreatments were poorly protective, in contrast to the results for the wild-type strain. These results indicate first that variants with higher heat resistance can be easily selected in L. delbrueckii subsp. bulgaricus. The two strains selected in this study displayed higher levels of resistance. It is likely that many different heat resistance mechanisms are naturally present among the cell population. The selected population for each variant shared the other tested phenotypic parameters (sugar metabolism, morphology, and colony characteristics) with the wild-type strain (data not shown). The existence of such subpopulations within a strain has been frequently reported, especially among thermophilic lactobacilli. Resistance to lysozyme in Lactobacillus helveticus was found to be different between different cells of the same population. The resistance factor varied from 1 to 50. These observations were explained by the authors as the result of large variability in the phenotypic expression of resistance in each "cellular line" (37) . Such stable variants, easily selectable with subcultures from the wild-type strain, were also described for exopolysaccharide production in L. delbrueckii subsp. bulgaricus (2) . If the stability of resistance is high and if other interesting technological parameters are not altered, such easy and efficient treatments could be applied to obtain heat-resistant cells.
New techniques could be used to analyze such variants, such as multilocus typing, which analyzes several housekeeping genes involved in transcriptional or translational cell machinery, to highlight a high degree of genetic polymorphisms among strains of a species (22) . In this study, the growth characteristics of the two variants in different types of milk and during yogurt production were indistinguishable from those of the wild-type strain (data not shown). However, data for our variants indicated that above a determined threshold, cells reached a maximum level of protection that could not be exceeded, whatever the pretreatment used. The variant selection was based on the ability to survive heat shock at 65°C over increasing periods of time. This selection favored variations in the protective mechanism(s) involved during such heat shock. If the selected variants did not show a remarkable increase in survival after pretreatments, then the cellular mechanisms triggered during the pretreatments would be identical or less efficient than those triggered during selection. The phenotypic characteristics observed in the variants were produced mainly by a constitutive state of heat shock response and to a minor extent by an improvement in the mechanisms used during pretreatment. This is the first time that such observations have been noted.
Effect of duration of heat shock on variant viability. The decrease in viability was shown to be less drastic for the vari- Changes in protein expression in the wild-type strain and variant strain V5221. Significant differences were observed between the wild-type strain and a variant strain. A subset of HSPs were constitutively overexpressed in the variant, while another subset was not synthesized to a greater degree, whatever the conditions used. In parallel, smaller protein synthesis reductions were observed in the variant strain. These observations are concordant with the higher constitutive thermotolerance of strain V5221. The expression profile for HSPs in the variant strain under standard conditions is similar to the profile for the heat-stressed cells of strain 546, suggesting that strain V5221 is constitutively heat adapted. Consistently, the smaller number of heat-repressed polypeptides in the variant would reflect better tolerance and less cell damage.
Heat-induced proteins in L. delbrueckii subsp. bulgaricus. Thermal treatment was shown here to trigger the well-conserved heat stress response, involving GroeL and DnaK, in L. delbrueckii subsp. bulgaricus. Interestingly, these two chaperones were also induced during acid adaptation in the same bacterium (19) . This finding reveals the overlap of the acid and thermal stress responses. Cell wall biosynthesis is deeply influenced by physicochemical external factors, especially in L. delbrueckii subsp. bulgaricus strains, for which many strange shapes were observed easily. The presence here of enzymes involved in peptidoglycan biosynthesis is therefore not surprising. Nevertheless, how the resulting modifications of the cell wall (thickness, reticulation, and so forth) could help the cell to survive better is still not clear. An enzyme (PtsI) of the sugar phosphotransferase transport system was also induced by heat in L. delbrueckii subsp. bulgaricus. Homologues of PtsI proteins were shown to be encoded within the RpoN regulon and may well play a role in transcriptional regulation in E. coli (25, 27) . Thermal adaptation may thus involve transcription redirection by such a system in L. delbrueckii subsp. bulgaricus.
Kinetics of protein abundance during heat shock. The kinetic analysis of protein synthesis rates during heat shock clearly showed distinct classes of polypeptides. Early, late, and constant HSPs were detected. In contrast, some cell proteins were repressed while others remained unchanged. These observations correlated with the viability kinetics observed, suggesting that the revival of viability was correlated with an increase in protein synthesis after 10 or 20 min of stress. The heat stress induced some neosynthesis and influenced the induction or activation of other HSPs.
In conclusion, modifications in the proteome after heat shock at 65°C showed that L. delbrueckii subsp. bulgaricus strain 546 activates a thermoadaptation mechanism (at least one) that involves HSPs in response to heat stress. This mechanism involves the synthesis of proteins during the first 10 min as well as later activity and neosynthesis of adaptation proteins responsible for the recovery observed after 10 min of exposure at 65°C. Nevertheless, a mechanism that does not involve protein synthesis cannot be ruled out. This pathway should require the activity of specific proteins and/or the action of other cellular components. We described an easy and rapid method for obtaining stable thermoresistant variants. The study of the kinetics of viability of L. delbrueckii subsp. bulgaricus strains 546 and V5221, the modifications of responses to heat and osmotic pretreatments for strain 546 and both variants, and the comparison of protein patterns demonstrated that a higher level of expression and constitutive expression of proteins could be responsible for the higher level of thermoprotection observed for the variant. Increasing knowledge of the heat resistance mechanisms of L. delbrueckii subsp. bulgaricus will lead to new opportunities to enhance them by appropriate technological treatments before application of cell preservation methods or by use of genetic engineering to build new food-grade starters. Studies are being performed to elucidate the mechanisms involved in thermoadaptation.
